Voltage-gated calcium channels (VGCCs) are integral for neurotransmission and membrane excitability, but relatively little is known about changes in their expression after nerve injury. In this study, we investigate whether peripheral nerve ligation is followed by changes in the density and proportion of high-voltage-activated (HVA) VGCC current subtypes in dorsal root ganglion (DRG) neurons, the contribution of presynaptic N-type calcium channels in evoked excitatory postsynaptic currents (EPSCs) recorded from dorsal horn neurons in the spinal cord, and the changes in expression of mRNA encoding VGCC subunits in DRG neurons. Using C57BL/6 mice [8-to 11-wkold males (n ϭ 91)] for partial sciatic nerve ligation or sham surgery, we performed whole cell patch-clamp recordings on isolated DRG neurons and dorsal horn neurons and measured the expression of all VGCC subunits with RT-PCR in DRG neurons. After nerve injury, the density of P/Q-type current was reduced overall in DRG neurons. There was an increase in the percentage of N-type and a decrease in that of P/Q-type current in medium-to large-diameter neurons. No changes were found in the contribution of presynaptic N-type calcium channels in evoked EPSCs recorded from dorsal horn neurons. The ␣2␦-1 subunit was upregulated by 1.7-fold and ␥-3, ␥-2, and ␤-4 subunits were all downregulated 1.7-fold in injured neurons compared with sham-operated neurons. This comprehensive characterization of HVA VGCC subtypes in mouse DRG neurons after nerve injury revealed changes in N-and P/Q-type current proportions only in medium-to large-diameter neurons. calcium channel; nerve injury; dorsal root ganglion neurons NEUROPATHIC PAIN IS ASSOCIATED with profound changes in peripheral and central neuronal excitability that are integral to the establishment and persistence of neuropathic pain. One mechanism responsible for these changes is alterations in the expression of voltage-gated ion channels. The best studied of these are voltage-gated sodium channels encoded by Na v 1.1-1.9 (reviewed in Dib-Hajj et al. 2010) . In contrast, less is known about the role of voltage-gated calcium channels (VGCCs) and the changes in their expression.
Lux 1984). In neurons, calcium influx through HVA VGCCs, N-, P/Q-, and R-type especially, triggers neurotransmitter release from synapses. Inhibition of these channels by activation of G protein-coupled receptors (e.g., -opioid receptors) (reviewed in Zamponi and Currie 2013) and direct blockers (e.g., MVIIA) (Sanford 2013 ) represents a major mechanism for producing analgesia. Changes in the expression and function of these channels are thought to be a contributing factor to the development and persistence of several pain conditions.
The majority of studies investigating changes in VGCC expression in pain models have focused on the expression of the ␣2␦-1 subunit, which mediates the analgesic effects of gabapentin. These studies have consistently reported an increased expression of ␣2␦-1 in sensory neurons in animal models of peripheral nerve injury (Bauer et al. 2009; Luo et al. 2001; Narita et al. 2007; Newton et al. 2001) . Changes in the LVA T-type VGCC have also been characterized after nerve injury. For example, studies have reported a decrease in T-type calcium current in small-and medium-sized dorsal root ganglion (DRG) neurons after chronic constriction injury (Jagodic et al. 2008; McCallum et al. 2003) . Comparatively less is known about the changes in the expression of other VGCC subunits. Baccei and Kocsis (2000) reported a decrease in total current density in large-diameter cutaneous afferent neurons in a rat model of sciatic nerve ligation, with a concurrent decrease in the proportion of N-type current. Other studies have also reported a decrease in total calcium current density as well as decreased signaling in calcium imaging studies in DRG neurons from pain models such as chronic constriction injury (Fuchs et al. 2007; Hogan et al. 2000) .
To our knowledge, only one study to date has systematically investigated the different calcium current subtypes in DRG neurons in neuropathic pain models (McCallum et al. 2011) . In 30-to 40-m neurons after spinal nerve ligation, the specific VGCC blockers nisoldipine for L-type, -conotoxin GVIA for N-type, agatoxin IVA for P/Q-type, and SNX-482 for a component of R-type calcium currents were applied to measure the contribution of each current subtype. They found a significant decrease in the proportion of N-and L-type currents in these neurons after injury. We previously reported that the contribution of N-type VGCCs to primary afferent synaptic transmission is reduced after inflammation exclusively in lamina I presumed nociceptive neurons (Rycroft et al. 2007 ). These changes in calcium channel subtypes have been studied in rat but not mouse.
In the present study, we investigated whether peripheral nerve injury was followed by changes in total HVA calcium current density and in the proportion of HVA calcium current subtypes in mouse DRG neurons. We used specific blockers to pharmacologically differentiate between N-, P/Q-, L-, and R-type calcium currents recorded with whole cell patch clamp in mouse sensory neurons classified on the basis of cell diameter, Bandeiraea simplicifolia isolectin B4 (IB4) binding, and responsiveness to capsaicin. We also measured the contribution of presynaptic N-type calcium channels in evoked excitatory postsynaptic currents (EPSCs) recorded from dorsal horn neurons in the spinal cord. Finally, we measured potential changes in the expression of the pore-forming and auxiliary subunits of VGCCs in DRG neurons after nerve injury. We hypothesize that it is likely that changes in HVA VGCCs will occur in a population-specific manner. This hypothesis is supported by the specialized role of different DRG populations, as well as work done in Na v channels.
Using this approach, we found that while overall I Ca density in DRG neurons from naive, sham-injured, and injured mice were similar, there were alterations in the proportion and density of N-and P/Q-type calcium currents in a populationspecific manner. No concurrent changes were found in the contribution of presynaptic N-type calcium channels in sensory afferents measured by the block of evoked EPSCs in spinal cord neurons with the specific N-type channel blocker CVID or in the mRNA expression of the pore-forming subunits. We believe this is because the changes are limited to specific neuronal populations and cannot be detected by methods that do not discriminate between different cell types.
METHODS
C57BL/6 mice [8-to 11-wk-old males (n ϭ 91)] were used for peripheral nerve ligation model of nerve injury and for DRG recordings. Animals were housed in groups of three to five with environmental enrichment on a 12:12-h light-dark cycle at 22 Ϯ 2°C and ad libitum access to food and water. All experiments were conducted according to protocols approved by the Animals Ethics Committee of the University of Sydney, which complies with the National Health and Medical Research Council "Australian code of practice for the care and use of animals for scientific purposes."
Induction and behavioral assessment of nerve injury. Partial sciatic nerve ligation (PNL) was performed as described previously ) under isoflurane (AErrane; Baxter) anesthesia (2.5% in oxygen, n ϭ 91). The impact of nerve injury on hind paw weight bearing was assessed with a Linton Incapacitance Tester (Linton Instrumentation) before and 14 days after nerve injury (Sadeghi et al. 2013) . With this approach, all animals showed Ͼ25% reduction in their incapacitance ratio. Previous work from our lab found that this approach was reliable and not affected by possible motor deficits compared with conventional von Frey testing (Sadeghi et al. 2013) . This method has also been validated by monitoring animals for signs of spontaneous pain by scoring the number of events of hind paw lifting, hind paw flicking or shaking, and hind paw tending immediately following incapacitance testing . It should be noted that this method was used in order to confirm that neuropathic pain had developed in the animals used for electrophysiology and reverse transcriptase-polymerase chain reaction (RT-PCR).
Isolated DRG neuron preparation. DRGs (spinal levels L 3 -L 5 , ipsilateral to injury) were removed and placed in ice-cold HEPESbuffered saline (HBS) containing (mM) 154 NaCl, 2.5 KCl, 2.5 CaCl 2 , 1.5 MgCl 2 , 10 HEPES, 10 glucose [pH 7.2 (NaOH), 330 Ϯ 5 mosmol/l]. Cells were prepared with the methods outlined in Murali et al. (2012) . Once the ganglia were removed from the animal, they were then incubated at 37°C for 15 min in oxygenated HBS containing 3 mg/ml collagenase first and then for 25 min in oxygenated HBS containing 1 mg/ml papain. The digestion was terminated with addition of HBS containing 1 mg/ml bovine serum albumin (BSA) and 1 mg/ml trypsin inhibitor. Ganglia were thoroughly washed free of enzyme and enzyme inhibitors with room-temperature HBS. Cells were then dispersed by gentle trituration through decreasing-bore, silanized Pasteur pipettes with fire-polished tips. The cells were plated onto plastic culture dishes and kept at room temperature (22-24°C) in HBS. Cells remained viable for up to 10 h after dissociation.
Spinal cord slice preparation. Spinal cord slices were prepared as previously detailed in Napier et al. (2012) . Briefly, spinal cord slices (340 m) from the lumbar enlargement L 3 -L 5 were prepared from isoflurane-anesthetized mice on a Leica VT1200S vibrating blade microtome (Leica Microsystems, North Ryde, NSW, Australia) in ice-cold modified artificial cerebrospinal fluid (aCSF) containing (in mM) 120 choline chloride, 11 glucose, 25 NaHCO 3 , 2.5 KCl, 1.4 NaH 2 PO 4 , 0.5 CaCl 2 , 7 MgCl 2 , and 0.001 atropine. Slices were allowed to recover for 1 h at room temperature in aCSF containing (in mM) 125 NaCl, 2.5 KCl, 1.25 NaH 2 PO 4 , 25 NaHCO 3 , 11 glucose, 1.2 MgCl 2 , and 2.5 CaCl 2 before being transferred to a recording chamber where Dodt-contrast optics was used to identify lamina I/II superficial dorsal horn neurons for patch-clamp electrophysiology. The internal solution of the recording pipette contained the following (in mM): 140 CsCl, 10 ethylene glycol-bis(␤-aminoethyl ether)-N,N,N=,N=-tetraacetic acid (EGTA), 5 HEPES, 2 CaCl 2 , 2 MgATP, 0.3 NaGTP, and 5 QX314 chloride and had an osmolality of 290 mosmol/kgH 2 O. Drugs were superfused onto slices at a rate of 2 ml/min in normal aCSF at a nominal 33°C.
Visualization of IB4 binding. Isolated DRG cells were pretreated with 1 g/ml Alexa Fluor 488-conjugated IB4 (Invitrogen) for 10 min at room temperature (22-24°C) as previously described (Murali et al. 2012) . After incubation, neurons were washed with HBS for 5 min to remove unbound IB4 and to minimize background fluorescence. Neurons were examined for fluorescence on the inverted microscope (Olympus, IX50) used for patch-clamp recordings.
Electrophysiological recording from DRG neurons. Ionic currents from DRG neurons were recorded in the whole cell configuration of the patch-clamp method at room temperature (22-24°C). Dishes were continually perfused with HBS. To isolate I Ca , a different extracellular solution was used, containing (in mM) 140 tetraethylammonium chloride (TEACl), 2.5 CsCl, 2.5 CaCl 2 , 10 HEPES, 1 MgCl 2 , 10 glucose [pH 7.2 (CsOH), 330 Ϯ 5 mosmol/l]. The intracellular pipette solution contained (in mM) 120 CsCl, 10 HEPES, 10 EGTA, 2 CaCl 2 , 5 MgATP, 0.2 Na 2 GTP, 5 NaCl [pH 7.3 (CsOH), 285 Ϯ 5 mosmol/l]. Recordings were made with an EPC-9 patch-clamp amplifier and corresponding PULSE software from HEKA Electronik (Lambrecht/ Pfalz, Germany). Currents were sampled at 20 -50 kHz and recorded on hard disk for later analysis. Patch pipettes were pulled from borosilicate glass (AM Systems, Everett, WA). The pipette input resistances were 1.5-2.5 M⍀.
The capacitance of individual cells was estimated by PULSE software by fitting an exponential to current responses to small rectangular voltage pulses and ranged between 10 and 50 pF. Series resistance was between 3 and 10 M⍀, and series resistance compensation of between 70% and 80% was used in all experiments. Capacitance transients were compensated automatically with a built-in procedure of the HEKA amplifier. Leak current was subtracted online with a P/8 protocol, while the liquid junction potential of 4 mV was not corrected. All cell diameter data reported here are from directly visualized diameters. Cell diameter was confirmed with the membrane capacitance measurement derived by PULSE software. Borgland et al. (2001) previously reported that directly visualized diameter (with a micrometer graticule) was highly correlated with diameter calculated from cell capacitance assuming a specific membrane capacitance of 0.9 F/cm 2 (Borgland et al. 2001 ). Peak HVA I Ca in each cell was determined by stepping the membrane potential from a holding potential of Ϫ90 mV to between Ϫ60 and 30 mV, for 10 ms, in 10-mV increments. After this procedure, the test current was evoked (Ϫ80 to 0 mV) every 30 s and monitored for current stability before drugs were applied. The protocol is shown in Fig. 1 . Cells were exposed to drugs via a series of flow pipes positioned above the cells. The inhibition by drugs was quantified by measuring the current isochronically from the peak of the control current in the presence and absence of the drug.
Electrophysiological recording from spinal cord slices. All recordings in spinal cord slices were performed in lamina I/II. Whole cell voltage clamp was performed with a Multiclamp 700B amplifier (Molecular Devices, Sunnyvale, CA) interfaced to an Intel processorbased iMac computer (Apple, Cupertino, CA; Mac OS X 10.5) via an ITC-18 digitizer (Heka Elektronik, Ludwigshafen, Germany). Electrically evoked EPSCs were elicited by stimulating dorsal roots attached to the slice at 0.03 Hz with bipolar tungsten electrodes so that an appropriately sized current was produced in recorded neurons in the range of 100 -800 pA. Evoked EPSCs were sampled at 10 kHz and filtered at 4 kHz with Axograph X (Axograph Scientific). DL-␣-Amino-3-hydroxy-5-methylisoxazole-propionic acid receptor (AM-PAR)-mediated currents were obtained by clamping the membrane potential at Ϫ60 mV in the presence of 100 M picrotoxin, 5 M strychnine, and 100 M DL-AP5. Series resistance (Ͻ20 M⍀) was compensated by 70 -80% in all patch-clamp experiments. Recordings were stopped if series resistance deviated by Ͼ20% of baseline.
mRNA isolation and RT-PCR. DRGs were dissected from anesthetized mice as described above. Three DRGs corresponding to L 3 -L 5 were collected and pooled from the left side (ipsilateral to nerve injury) and homogenized in 200 l of TRI Reagent before immediate freezing. Once all samples were collected, TRI-preserved samples were thawed and RNA isolation was performed according to manufacturer's instructions. RNA quantity and quality were determined with an Agilent BioAnalyzer (Agilent) at the Bosch Molecular Biology Facility at the University of Sydney. RNA from three animals was pooled to obtain 1 g of total RNA, which was then converted to cDNA with MultiScribe reverse transcription reagents (Invitrogen) according to manufacturer's instructions. PCR was performed with a TaqMan array (fast 96-well) for mouse voltage-gated ion channels (Life Technologies). The plates contained predefined assays and endogenous controls in the wells and were used according to manufacturer's instructions. Gene expression is reported as fold changes, with 1.5-fold determined as a significant change, both of which were calculated with REST (Qiagen and M. W. Pfaffl).
Data analysis. All data were plotted and analyzed with the software package GraphPad Prism v.5. All data are expressed as means Ϯ SE unless otherwise indicated. Where noted, significant differences between means were tested by paired or unpaired two-tailed Student's , which inhibit N-, P/Q-, L-, and R-type voltage-gated calcium channels (VGCCs), respectively, were used. A part of the total current remained resistant to all specific blockers and was blocked by the nonspecific I Ca inhibitor CdCl 2 (300 M), leading to an absence of I Ca as shown by the corresponding current trace. B: time plot shows the I Ca amplitude and its inhibition by various blockers. The time plot is taken from the same neuron as the sample current traces.
t-tests. Two-way ANOVA was used where the interaction between multiple factors was investigated, with Sidak's correction method for comparison between two groups and Tukey's correction method for comparison between more than two groups.
Drugs and chemicals. BSA, Cs-gluconate, CaCl 2 , CdCl 2 , CsCl, CsOH, EGTA, glucose, HEPES, KCl, MgATP, MgCl 2 , NaCl, Na 2 GTP, NaHCO 3 , NaH 2 PO 4 , NaOH, QX-314, sucrose, TEACl, TRI Reagent, and trypsin inhibitor (chicken egg white ovomucoid, type II-O) were from Sigma-Aldrich (St. Louis, MO). Collagenase and papain were from Worthington Biochemical (Freehold, NJ). -Conotoxins CVID and CVIE were provided by R. J. Lewis (Institute of Molecular Biology, University of Queensland). Capsaicin and nimodipine were from Tocris Cookson (Bristol, UK). SNX-482 and -agatoxin IVA were from Peptides Inc (Saito, Japan). Alexa Fluor 488-conjugated IB4 was from Invitrogen (Mulgrave, VIC, Australia).
RESULTS

Peripheral nerve ligation of sciatic nerve causes allodynia in mouse hind paw.
To assess the impact of nerve injury on hind paw weight bearing, the Linton Incapacitance Tester was used before and 14 days after nerve injury as described previously (Sadeghi et al. 2013) . No significant difference was found between the baseline ratios in sham-injured (0.99 Ϯ 0.01, n ϭ 32) and injured (1.00 Ϯ 0.01, n ϭ 23) groups (P Ͼ 0.05) and in the sham-injured group between baseline and postsurgery (1.00 Ϯ 0.01) ratios (P Ͼ 0.05). Animals with nerve injury showed a significantly decreased paw pressure ratio (0.50 Ϯ 0.02) 14 days after surgery compared with baseline (P Ͻ 0.0001), establishing development of signs of neuropathic pain.
Overall I Ca density is greater in medium-to large-diameter neurons and does not change after nerve injury. HVA I Ca was evoked by stepping the cell from a holding potential of Ϫ80 mV to 0 mV for 10 ms as shown in Fig. 1A . Total I Ca density is shown as current amplitude/cell capacitance (pA/pF). Whole cell I Ca density in DRG neurons from naive, sham-injured, and injured mice is shown in Fig. 2 . The scatterplot in Fig. 2A shows total I Ca density versus cell diameter in DRG neurons from naive, sham-injured, and nerve-injured mice. An initial examination of this scatterplot shows a similar distribution in all three groups, with an increase in I Ca density with increasing cell diameter. When the neurons were classified on the basis of cell diameter into two groups (Ͻ30 m and Ͼ30 m), a significantly greater current density was found in the larger neurons in all three groups (P Ͻ 0.0001, 2-way ANOVA with Sidak's posttest). It should be noted that the Ͼ30 m group also includes neurons with a diameter equal to 30 m. No significant difference in I Ca density was observed between naive, sham-injured, and injured groups within the two size categories (P Ͼ 0.05 by 2-way ANOVA with Tukey's posttest). Cell size was the only significant source of variation (P Ͻ 0.0001 by 2-way ANOVA).
DRG neurons from sham-injured and injured animals were also categorized on the basis of IB4 binding and capsaicin responsiveness. No significant differences in I Ca density were observed between IB4-positive and IB4-negative neurons and capsaicin-responsive and -unresponsive neurons between the sham-injured and injured groups (Table 1 ; P Ͼ 0.05 for all comparisons by 2-way ANOVA with Sidak's posttest). However, both IB4 binding and capsaicin response were a significant source of variation within the sham-injured and injured groups (P ϭ 0.018 for IB4 binding and P ϭ 0.008 for capsaicin response by 2-way ANOVA). The smaller overall current in IB4-positive and capsaicin-responsive neurons is because these categories comprise solely neurons with cell diameter Ͻ 30 m. To account for the effect of cell size on these categories, future comparisons exclude IB4-negative and capsaicin-unresponsive neurons with cell diameter Ͼ 30 m.
Population-specific changes were observed in N-and P/Qtype calcium current after nerve injury. To investigate potential changes in I Ca subtypes, the specific blockers -conotoxin 
(n ϭ 26) (n ϭ 11) (n ϭ 17)
Current density was calculated as current amplitude/cell capacitance (pA/ pF). No significant difference was found between sham-injured and injured dorsal root ganglion (DRG) neuron groups in any of the categories (P Ͼ 0.05 by 2-way ANOVA and Sidak's posttest). It should be noted that all Bandeiraea simplicifolia isolectin B4 (IB4)ϩ and TRPV1ϩ (capsaicin responsive) neurons were Ͻ30 m and therefore had significantly lower overall current densities compared with the IB4Ϫ and TRPV1Ϫ neurons, which represent a mix of all cell diameters (P ϭ 0.018 for IB4 binding and P ϭ 0.008 for capsaicin responsiveness by 2-way ANOVA). 
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Specific blockers shown were used to define the different calcium current subtypes. Current density of each subtype was calculated as the current inhibited by blocker/cell capacitance. A significant decrease in only P/Q-type calcium current density and % was observed for DRG from nerve-injured animals (*P Ͻ 0.05 and **P Ͻ 0.01 for density and %, respectively, using 2-way ANOVA with Sidak's posttest test to compare the individual calcium current subtypes).
CVID (1 M), -agatoxin IVA (200 nM), nimodipine (5 M), and SNX-482 (200 nM), which inhibit N-, P/Q-, L-, and R-type VGCCs, respectively, were used. A part of the total current remained resistant to all specific blockers and was blocked by the nonspecific I Ca inhibitor CdCl 2 (300 M). Figure 1 , A and B, show representative I Ca traces and the corresponding time plot showing inhibition by the various blockers. Table 2 shows the values of I Ca density and percentage of total current for all I Ca subtypes in the different treatment groups. A significant decrease in the percentage and current density of P/Q-type I Ca was found overall in the injured group compared with the sham-injured control (P Ͻ 0.05 and P Ͻ 0.01 for density and percentage, respectively, by 2-way ANOVA with Sidak's posttest). No changes were found in the density and percentage of I Ca for any of the other subtypes (summarized in Table 2 ).
Neurons were then categorized on the basis of diameter into Ͻ30 m and Ͼ30 m. Figure 3A shows the percentage of N-type current in DRG neurons (inhibited by CVID) from sham-injured and injured animals in cells sized Ͻ30 m and Ͼ30 m. Differences between the groups were tested by two-way ANOVA with Sidak's posttest. Overall, nerve injury was not a significant source of variation; however, the interaction between nerve injury and cell size was significant, suggesting an effect in certain populations (P ϭ 0.02). Accordingly, cell size was the most significant source of variation (P Ͻ 0.0001). In neurons from sham-injured animals, the proportion of N-type current was found to be significantly greater in cells sized Ͻ30 m than in those sized Ͼ30 m (P Ͻ 0.0001). No such difference was observed in neurons from injured animals (P Ͼ 0.5). In neurons sized Ͼ30 m, the sham-injured group had a significantly lower percentage of N-type current compared with the injured group (P Ͻ 0.05). No difference was observed between neurons from shaminjured and injured animals in neurons smaller than 30 m (P Ͼ 0.99). Figure 3B shows the percentage of P/Q-type current (inhibited by agatoxin IVA) in DRG neurons from sham-injured and injured animals in cells sized Ͻ30 m and Ͼ30 m. Differences between the groups were tested by two-way ANOVA with Sidak's posttest. Cell size and nerve injury were both significant sources of variation (P ϭ 0.0007 and P ϭ 0.027, respectively). When Sidak's posttest was used for multiple comparison, a significant difference was found between cells sized Ͻ30 m and Ͼ30 m in sham-injured animals (P Ͻ 0.01) but not in injured animals (P Ͼ 0.05). Large-diameter neurons from sham-injured animals had a significantly great proportion of P/Q-type current compared with those from injured animals (P Ͻ 0.05), and no such difference was found in small neurons (P Ͼ 0.05). This is thought to account for the significant decrease in P/Q-type current overall in injured neurons shown in Table 2 . The comparisons of percentage of I Ca for the other subtypes based on cell diameter are shown in Table 3 . No significant differences were found in the percentage of any of the other current subtypes between the four groups.
To further investigate potential differences between subpopulations, DRG neurons were categorized on the basis of IB4 binding and capsaicin responsiveness. The comparisons of percentage of I Ca of all the subtypes based on these categories are shown in Tables 4 and 5 . No significant differences were found between any of the groups (P Ͼ 0.05 for all comparisons by 2-way ANOVA with Sidak's posttest). It should be noted that all IB4-negative and capsaicin-positive neurons were small-diameter cells (Ͻ30 m). Therefore, the comparisons based on IB4 binding and capsaicin responsiveness were only made using small-diameter neurons to minimize false positives or negatives arising because of cell diameter as outlined in Table 3 .
In summary, two changes were observed in the percentage of N-and P/Q-type I Ca after nerve injury. First, there was an increase in the percentage of N-type current in neurons larger Differences between groups were tested by 2-way ANOVA and Sidak's multiple-comparison test. In the sham-injured group, smallerdiameter neurons have a significantly greater % of N-type current compared with larger neurons (***P Ͻ 0.0001). In contrast, no such difference was observed between the 2 groups in injured neurons (P Ͼ 0.05). The largerdiameter injured neurons had a greater % of N-type current compared with sham-injured neurons (*P Ͻ 0.05). B: P/Q-type current is shown as % of total I Ca in sham-injured (blue) and injured (red) neurons categorized based on cell diameter into Ͻ30 m and Ͼ30 m. Differences between groups were tested by 2-way ANOVA and Sidak's multiple-comparison test. In the sham-injured group, larger-diameter neurons have a significantly greater proportion of P/Q-type current compared with smaller neurons (**P Ͻ 0.01). This difference was absent in the injured group. Large-diameter neurons from the injured group had a significantly smaller proportion of P/Q-type current compared with sham-injured controls (*P Ͻ 0.05).
than 30 m in diameter in the injured group compared with the sham-injured group. Second, there was a significant decrease in the percentage of P/Q-type current in neurons larger than 30 m in diameter in the injured group compared with the sham-injured group. Figure 4 shows the inhibition of evoked EPSCs recorded from superficial dorsal horn neurons (laminae I and II) in the spinal cord by specific N-type channel blockers CVID and CVIE. This inhibition is a measure of the contribution of presynaptic N-type calcium channels in neurotransmission. No significant difference was found in the inhibition of evoked EPSCs by 300 nM CVID and CVIE between naive, sham-injured, and injured groups ( Fig. 4C ; P Ͼ 0.05 by 2-way ANOVA and Tukey's posttest).
Inhibition of evoked EPSC amplitude by specific N-type channel blockers is not altered after nerve injury.
Changes in expression of calcium channel subunits. The expression of mRNA encoding voltage-gated ion channel subunits (pore forming and auxiliary) was measured in DRGs from sham-injured and injured mice. The expression of all calcium channel subunits is summarized in Table 6 . Overall, no significant differences were observed in the expression of poreforming subunits between sham-injured and injured groups. The extracellular ␣2␦-1 subunit was upregulated by 1.7-fold in injured neurons compared with sham-injured controls. The auxiliary subunits ␥-3, ␥-2, and ␤-4 were all downregulated by 1.7-fold in injured neurons compared with sham-injured neurons. No other auxiliary subunits showed a significant difference between sham-injured and injured groups.
DISCUSSION
This study systematically investigated the changes in calcium current density and subtypes and the potency of -conotoxins in mouse DRG neurons following nerve injury. Distinct from previous studies, neurons were classified on the basis of cell diameter, IB4 binding, and responsiveness to capsaicin to examine differences between different neuronal subpopulations. Taking population-specific effects into account is important, since DRG neurons exhibit a high degree of heterogeneity in phenotype and function (Liu and Ma 2011) . In contrast, most previous studies have reported changes in overall current or have focused only on N-and T-type currents.
Measuring whole cell I Ca density in DRG neurons from naive, sham-injured, and injured mice, we observed a similar distribution of overall I Ca density across all three treatment groups (naive, sham-injured, and injured), with an increase in I Ca density with increasing cell size. Neurons with a cell diameter Ͼ 30 m had a significantly greater current density than smaller neurons in all three groups, but no differences were seen between naive, sham-injured, and injured groups. When these neurons were further categorized on the basis of IB4 binding and capsaicin responsiveness, no differences were found in current density between the sham-injured and injured groups. This is in contrast to previous studies that reported a decrease in overall I Ca density in rat DRG neurons (Baccei and Kocsis 2000; Hogan et al. 2000) , which could potentially arise from species differences. 
Percentage of each current subtype represents the percentage of total I Ca amplitude inhibited by the specific blockers. Significant differences between percentages were only found for N-and P/Q-type current, as shown in Fig. 3 . *P Ͻ 0.05. 
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Using subtype-specific I Ca blockers, we found a significant decrease overall in the percentage and current density of P/Q-type I Ca (blocked by agatoxin IVA) in neurons from injured animals compared with sham-injured control animals. P/Q-type current density was greater in larger neurons in both injured and sham-injured groups. However, the significantly greater percentage of P/Q-type current in larger neurons compared with smaller cells was lost after nerve injury, corresponding to a significant decrease in the percentage of P/Qtype current in large-diameter neurons from injured animals compared with sham-injured control animals. The proportion of P/Q-type current in small-diameter neurons was not altered after nerve injury. This seemingly contradicts the overall decrease in P/Q-type current, but the result is explained by the much larger current density overall in large-diameter neurons, as well as the magnitude of decrease in the percentage of P/Q-type current in these neurons after nerve injury. This means that changes in the larger neurons are weighted more when looking at overall changes. Although P/Q-type calcium channels contribute to transmitter release in small-diameter neurons, it is thought to be predominant in nonnociceptive sensory neurons (Westenbroek et al. 1998) .
Our finding that the N-type current represents a larger proportion of the total current in smaller, presumably nociceptive neurons compared with larger neurons is consistent with previous studies reporting that N-type calcium currents are predominant in nociceptive synapses presumably arising from small-diameter neurons (Heinke et al. 2004; Rycroft et al. 2007) . Unlike the P/Q-type current, the proportion of N-type current in these neurons remained unaffected after nerve injury in the mouse. This arises from the large number of smalldiameter neurons with a significantly smaller total current density and a high proportion of N-type current, which showed no change in N-type after nerve injury. However, when we separated the large-diameter neurons from the smaller cells, we found a significant increase in the percentage of N-type current after nerve injury compared with sham injury. Therefore, we found that changes in N-and P/Q-type currents occur only in large-diameter neurons. No changes were observed in smaller neurons, regardless of further classification using IB4 binding and capsaicin response.
The present findings differ from those reported by McCallum et al. (2011) where they observed that in control conditions the N-and L-type currents dominated total I Ca . This is in contrast to our findings in mouse DRG neurons, where L-type current only contributes to 2-4% of the total calcium current. The study by McCallum and colleagues also reported a loss in N-and L-type current, while the present study found an increase in the proportion of N-type current in medium to large neurons in mice. The present findings also differ from those reported by Baccei and Kocsis (2000) in a rat model of sciatic nerve ligation. That study revealed a decrease in total current density in large-diameter cutaneous afferent neurons in a rat model of sciatic nerve ligation, with a concurrent decrease in the proportion of N-type current (Baccei and Kocsis 2000) . Similar decreases in overall current density have been reported in rat in other studies (Fuchs et al. 2007; Hogan et al. 2000) . Thus we speculate that species differences might account for the differences between our study in mice and previous results reported for rat nerve injury models.
It is of interest that the only upregulated gene we detected in DRG neurons from nerve-injured mice was that encoding for the ␣2␦-1 subunit. This is in accordance with previous reports in rats and mice (Bauer et al. 2009; Luo et al. 2001; Narita et al. 2007; Newton et al. 2001) . It should be noted that the magnitude of upregulation (1.7-fold) we observed in mouse DRG is much less than previously reported in rat DRG (typically 3-to 17-fold) (Bauer et al. 2009; Luo et al. 2001; Newton et al. 2001 ) but similar to previous reports in mouse of a 1.8-fold increase (Narita et al. 2007 ). These studies have shown an integral role for the ␣2␦-1 subunit in the development of neuropathic pain due to its role in trafficking and insertion of the N-type calcium channel to the cell membrane, particularly in the presynaptic membrane. We also found that the subunits ␥-3, ␥-2, and ␤-4 were downregulated after nerve injury. There is some evidence for the involvement of ␥-2 in the development of chronic pain (Nissenbaum et al. 2010) , since the subunit is involved in trafficking glutamatergic AMPA receptors. However, there is no clear evidence for the role of the other two downregulated subunits in pain conditions.
It is difficult to fully interpret these results as they need to be followed up with more sensitive methods in order to present a more complete picture. All data shown are from a 96-well TaqMan array, as we wanted to screen for all voltage-gated ion channel subunits, which is intended to act as a preliminary Positive Sham-injured 39 Ϯ 3 3 2 Ϯ 6 6 Ϯ 4 4 Ϯ 3 1 8 Ϯ 10 (22 Ϯ 1.5 m) (n ϭ 6) (n ϭ 6) (n ϭ 4) (n ϭ 3) (n ϭ 4) Injured 38 Ϯ 4 3 2 Ϯ 4 8 Ϯ 2 7 Ϯ 5 1 8 Ϯ 4 (19 Ϯ 1.4 m) (n ϭ 10) (n ϭ 10) (n ϭ 7) (n ϭ 4) (n ϭ 10) Negative Sham-injured 37 Ϯ 5 3 3 Ϯ 6 6 Ϯ 2 1 Ϯ 0.4 24 Ϯ 4 (24 Ϯ 1.1 m) (n ϭ 11) (n ϭ 10) (n ϭ 11) (n ϭ 10) (n ϭ 11) Injured 36 Ϯ 4 3 2 Ϯ 4 7 Ϯ 1 1 Ϯ 1 1 9 Ϯ 1 (24 Ϯ 1.1 m) (n ϭ 9) (n ϭ 8) (n ϭ 5) (n ϭ 4) (n ϭ 4) No significant differences were found between sham-injured and injured groups categorized on the basis of capsaicin responsiveness (P Ͼ 0.05 by 2-way ANOVA and Sidak's multiple comparison test). Diameter of all neurons in each group shown in parentheses.
screen. The 1.5-fold cutoff of differential expression was calculated in order to minimize false positives. It is important to note that the method we used to quantify mRNA expression utilized whole DRGs. Therefore, this does not reflect any population-specific differences in expression, which can only be resolved with other methods such as single-cell PCR, RT-PCR following cell sorting, or in situ hybridization. For example, there may be changes in the pore-forming ␣1 subunits in the large-diameter neurons to account for the change in calcium current subtypes. These experiments are beyond the scope of the present study but are proposed as experiments that need to be pursued in the future.
Finally, we measured the inhibition of evoked EPSCs in dorsal horn neurons in the spinal cord by specific N-type calcium channel blockers -conotoxin CVID and CVIE. This is one measure of the contribution of presynaptic N-type calcium channels to neurotransmission at the synapse. We found no significant differences between naive, sham-injured, and injured groups. Our previous study in an inflammatory pain model in rats found that the contribution of N-type calcium channels to synaptic transmission was decreased in lamina I presumed nociceptive neurons but not in other superficial laminae (Rycroft et al. 2007 ). However, our present results could be influenced by method of recording electrically evoked EPSCs, which could not distinguish different subpopulations of nociceptive and nonnociceptive afferents in the mouse dorsal horn because contribution of N-type calcium channels to synaptic transmission onto nonlamina I was not affected by the inflammatory pain model in rats (Rycroft et al., 2007) . Furthermore, it is difficult to visually distinguish laminae I and II in mouse spinal cord slices.
In conclusion, this study represents a comprehensive electrophysiological characterization of different calcium current subtypes in mouse DRG neurons after a nerve injury that produces signs of neuropathic pain: N-type calcium channel currents are selectively upregulated in medium to large, presumably nonnociceptive neurons after nerve injury, while P/Qtype currents are downregulated in these neurons. It further confirms the upregulation of the ␣2␦-1 subunit in DRG neurons after nerve injury, but whether or not this is related to the upregulated N-type channel currents in medium to large DRG neurons is still unclear. A Ͼ1.5-fold difference was chosen as the significance level. The ␣2␦-1 subunit showed a 1.7-fold increase, while the ␥-3, ␥-2, and ␤-4 subunits were all downregulated by a factor of 1.7. No significant changes in expression were seen in any of the pore-forming subunits. 
